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Abstract
Sustainable restoration of endangered coastal ecosystems is today of great environmental interest and scientific value. Among the
coastal ecosystems, the lagoon shows a wide range of geographical and ecological variation. The Chilika Lagoon a Ramsar Site
of international importance and the largest brackish water lagoon in Indian sub-continent is one of the finest repositories of aquatic
biodiversity and a source of fishery, sustaining the livelihood and nutritional need of about 0.2 million local fisherfolk.
Sedimentation, from riverine discharge and disintegration of macrophytes, choking of the outer channel, shifting of the inlet
mouth, decline in water area and increase in vegetated area, and the opening of new inlets are the dominant processes influencing
the cotemporary phase of lagoon transformation in the Chilika. Circulation, fate and transport of nutrients are the critical
component in determining the lagoon ecosystem. The present study discusses a water quality model coupled with a hydrodynamic
and advection-dispersion model to describe the important physical, chemical and biological processes. The hydrodynamic and
advection-dispersion model simulates the flow forcing, transport, mixing and dispersion of water quality concentration at different
spatio-temporal scales. Bed resistance coefficient, the eddy viscosity coefficient (Smagorinsky formulation) and the wind friction
coefficient in hydrodynamic model, heat exchange coefficients and dispersion coefficients in advection/dispersion (AD) model
are the major calibration factors. The water quality model includes physical processes (reaeration, settling), biochemical processes
(adsorption, transformation) and biological processes (organic degradation, primary production). Different rate constants have
been calibrated with several sensitivity analyses to obtain an optimized validation. Skill test analysis of temperature (r2=0.77),
salinity (r2=0.68), DO (r2=0.52) and nutrients proves the potential of the model to simulate water quality at different spatio-
temporal scales. The model can act as an excellent tool to simulate water quality and prediction of futuristic scenarios.
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1. Introduction:
A coastal lagoon is a distinct dynamic environment where interplay of different energy forces from land-sea-
atmosphere operates in a shallow body of water which is partly enclosed by a barrier and has restricted or ephemeral
communication with the sea through one or more inlets (Phleger, 1960). They serve as buffer zones for nutrients
storage and fluxes coming from adjacent continental drainage to the marine environment. These shallow water
bodies, formed by a mixture of brackish and sea water consists of a main basin with a parallel to the coast orientation,
being separated partially from the adjacent sea by sand bars formed at their mouths (Barnes, 1980). They serve as
buffer zones for nutrient storage and fluxes coming from adjacent continental drainage to the marine environment.
They are characterized by a high spatial and temporal heterogeneity. Several forcing mechanisms such as wind,
pressure, astronomical tide and fluvial discharges of the lagoon can function simultaneously in the lagoon. The water
circulation within a coastal lagoon is mostly characterized by low tidal oscillations, on which residual water
circulations are superimposed. These may be generated by the non-linear interactions, density gradients, wind stress
and the mass input due to fresh water discharges into the system (Al-Ramadhan, 1988). Instantaneous and residual
currents and fluxes through the lagoon mouth boundary can produces drastic changes in the balance of ecological
processes and alter the fluctuations of the physical and chemical characteristics that are the basis of high productivity
in a coastal lagoon (Comin, 1982). Water fluxes control the flushing of the coastal lagoon, thereby maintaining water
quality, and provide a mechanism for planktonic inward/outward transport. Salt fluxes determine the estuarine
characteristics of the lagoon and define floral and faunal community structure and the spatial distribution of fish.
The Chilika Lagoon a Ramsar Site of international importance and the largest brackish water lagoon in Indian
sub-continent is one of the finest repositories of aquatic biodiversity and a source of fishery, sustaining the livelihood
and nutritional need of about 0.2 million local fisherfolk. Sedimentation, from riverine discharge and disintegration
of macrophytes, choking of the outer channel, shifting of the inlet mouth, decline in water area and increase in
vegetated area, and the opening of new inlets are the dominant processes influencing the cotemporary phase of
lagoon transformation in the Chilika. Circulation, fate and transport of nutrients are the critical component in
determining the lagoon ecosystem. There have been few studies relating to hydrodynamic processes such as
distribution of water levels, currents and flushing rates that takes place in the Chilika lagoon. Chandramohan, 1994
studied a detailed investigation on how to improve the flushing capacity of the inlet. CWPRS, Pune has studied the
lagoon hydrodynamics using a 2-D model a recommended for a hydrological intervention through straight cut at
Sipakuda which was viable solution for improving the lagoon salinity and hence restoring the lagoon from
eutrophication and sedimentation issues (Patnaik, 2001). Jayaraman, 2007 made an attempt to investigate the
circulation and salinity structure in the Chilika lagoon. Mohanty and Panda, 2009 have studied the wind and density
circulation in the Chilika lagoon during summer and winter seasons and also mixing of water masses between
different sectors of the lagoon. The water quality modelling for Chilika lagoon during dry and wet seasons was
attempted by Panda, 2008. Panda et al., 2013 have investigated the spatial and interannual variability in hydrographic
parameters after opening of new inlet based on field observed data and remote sensing. An inter-institutional study
under 'Ecosystem Modelling Program for Chilika lagoon' was taken up for carbon study and ecosystem modelling
for the lagoon (ICMAM-PD, 2012). This paper discuss the coupled- hydrodynamic model to simulate the flow
forcing, transport, mixing and dispersion of water quality concentration at different spatio-temporal scales.
2. Study area and Methodology
Chilika Lagoon very dynamic ecosystem and is a unique assemblage of freshwater, brackish and saline water
ecosystems. The lagoon (N 190 28’-190 54’; E 850 06’-850 35’) on the east coast of India in the Odisha State (Figure
1) is the largest lagoonal system in the subcontinent and is one of the largest tropical lagoons of the world. The
average length and breadth of the lagoon are about 65 km and 16 km respectively. The water area of the lagoon is
variable from a maximum of 992 km2 during rainy season to 815 km2 during summer (Mohanty et.al, 2001) with a
mean volume of 1530 m3. At the northern end, tributaries of the Mahanadi River, such as Daya, Nuna and Bhargavi
join the lagoon (Figure 1) and are responsible for the large fresh water and sediment influx to the lagoon. The lagoon
is separated from the Bay of Bengal by sand bar of 60 km in length. The lagoon is connected to the Bay of Bengal
through three inlet mouths, viz. 1) the artificially dredged mouth near Sippakuda, 3) naturally opened mouth just 2
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km north of dredged mouth at Gabbakunda during August 2008 and 3) through palur canal in southern sector. The
climate of the region is tropical, with two dominant seasons defined in terms of wind patterns i.e., SW monsoon from
June to September and NE monsoon from November to February. Daya, Bhargavi, Luna and Makara River
contributes major portion (60%) of fresh water discharge.  The water quality of the lagoon changes widely with onset
of different seasons and is exhibiting different ecological characteristics in localized pockets. The lagoon has been
classified into four different sectors such as northern sector, central sector, southern sector and outer channel,
according to its physico-chemical and biological
characteristics.
Water quality parameters were measured at monthly
interval at 36 stations following standard water quality
analysis procedures (Strickland and Parsons, 1972).
Hydrodynamic observations at two locations i.e. one at the
inlet channel close to the Sipakuda inlet and another in the
main body of the Chilika lagoon close to INS Chilika were
selected. Data on water level, current velocity, water
temperature and salinity at hourly intervals were recorded
by deploying a Valeport Wave and Tide recorder (WTR),
and Aanderra Recording Current meter (RCM).
Meteorological parameters such as wind speed and
direction, air temperature, relative humidity and rainfall
observed at Satapada using Automatic Weather Station
(AWS). The freshwater runoff into the lagoon has been estimated based on the field measurements of cross-sectional
depth profiles and flow velocities recorded at the river input locations. Cross-sectional depth profiles of the inlets
are monitored at every month with the help of a beam Echo Sounder. Extensive observation on fresh water inflow,
tide and current at different spatio-temporal scales, monthly inlet bathymetry/mouth profiles, weather data were
collected during 2008-09.
3. Modelling
The hydrodynamics and water quality of the lagoon was investigated with the aid of DHI’s Mike 21 model. It is
one of the proven models available worldwide to simulate water environment such as oceans, coasts and estuaries.
The hydrodynamic (HD) module is the basic computational component to simulate hydrodynamics and ECO Lab
simulates ecological parameters coupled offline with the forcing parameters generated in HD module.
3.1 Hydrodynamic Model
The HD module simulates water level variations and flows in response to a variety of forcing functions in lagoons,
estuaries and coastal regions. The HD module calculates the resulting flow and distribution of salt and temperature
subjected to a variety of forcing, sources and boundary conditions.The model is based on the solution of the two-
dimensional incompressible Reynolds averaged Navier-Stokes equations, subject to the assumptions of Boussinesq
and of hydrostatic pressure (DHI, 2007a). The governing equations of the model consist of continuity equation and
horizontal momentum equations. The hydrodynamics of such lagoon system can be described by shallow water
equations, which delineate the evolution of an incompressible fluid in response to gravitational and rotational
accelerations (Pedlosky, 1982). In the present study the values considered for drying depth hdry = 0.005m, flooding
depth hflood=0.05m and wetting depth hwet=0.1m which obeys the rule hdry<hflood<hwet. Penman’s equation is used to
calculate the evaporation for the simulation period (Zacharias and Gianni, 2008). The Temperature-Salinity model
solves the advection–dispersion equation for dissolved or suspended substances, including salinity and temperature.
3.2 Water Quality Model
ECO Lab module in Mike 21 is being used for water quality modeling which solves the set of differential
equations describing the physical, chemical and biological interactions involved in the degradation of organic matter,
resulting oxygen conditions and excess levels of nutrients in Chilika waters. In this study, seven water quality
variables viz. DO, BOD, Chlorophyll-a, Ammonia, Nitrite, Nitrate and Phosphate has been considered. Initial values
for the state variable estimated from measurements data. The forcings like Temperature (temp, degree C), Salinity
Figure 1.  Map of Chilika Lagoon showing different sectors, rivers
and inlet mouths and observation locations
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(sali, PSU), Water depth actual layer (dz, meter), Wind speed (ws, m/s) and Horizontal current speed (vsp, m/s) were
input from the field observation and have been transferred from hydrodynamic model to EcoLab processing in Mike
21(DHI, 2007b). There are 36 constants, 13 auxiliary variables and 19 processes, used as arguments in the differential
equations that ECO Lab solves to determine the state of the state variables which has been included with proper
calibration following the existing research studies and literatures (ICMAM-PD, 2012). The water quality model is
coupled to the hydrodynamic model, through the transport equation. It integrates the advection and the diffusion
properties of the flow, as well as the basic processes occurring in the water column resulting from the interaction
between the currents and at the surface and bottom interfaces as well as the major biochemical interactions. The
spatial and the temporal evolutions state variables are influenced by external factors, such as incident solar radiation
(coliform bacteria decay), discharges, bottom and surface stresses, etc. The water quality model solves the system
of differential equations that describes the chemical and biological states of the coastal waters. The RK4 Integration
Method has been considered for solving of the ECO Lab’s differential equations.
3.3 Model Setup
An unstructured finite-element model domain (850 04´ to 850 43´ E; 190 27´ to 190 55´ N) having 5231 elements
and 3542 nodes was prepared covering the major islands including artificial islands and both inlets. The measured
bathymetry (50mx50m) conducted during May 2006 was used for model domain (Figure 2). The domain is
discretized by the subdivision of the continuum into non-overlapping elements/cells. The resolution of the mesh,
combined with the water depths and chosen time-step governs the Courant numbers (restricted to 0.8) in a model
set-up. As a result of this, the effect on simulation time of a fine resolution at deep water can be relatively high
compared to a high resolution at shallow water. Simulations made for Dec, 2008 to Nov, 2009, with a 300s time
interval (94990 time steps). An approximate Riemann solver is used for convective fluxes, which makes it possible
to handle the discontinuous solutions. For the time integration an explicit Euler method is used. Due to the stability
restriction an explicit scheme selected for the time step interval to keep the Courant-Friendrich-Levy (CFL) number
is less than 1. The horizontal eddy viscosity was determined through the Smagorinsky concept, while for the vertical
direction, eddy viscosity was determined from a one-dimensional k–ε model. Spatial manning map was prepared
considering the presence of submerged and emergent vegetation which affects the current speed and direction
(Cardoso, 2005). 19 rivers discharges to the lagoon are categorized into as NE, NW, central and southern point
sources and respective discharge volumes were quantified from measurement. Concerning the terrestrial nutrient
supply, monitoring data of the river water quality, the Load and discharge (L–Q) correlation was determined for each
river. Initial and boundary conditions were given from measurements. Inlet and Palur canal were used as two
boundaries. Wind forcing used the observation of Automatic Weather Station (AWS) at Satapada as varying in time
and constant in domain. Wind friction is varying with wind speed, the values are 0.001255 at 7 m/s and 0.002425 at
25 m/s.
Figure 2. Bathymetry of Chilika lagoon (50m grid resolution data) and Flexible mesh generated for the model domain (Chilika lagoon).
4. Result and discussion
4.1 Water levels and Circulation pattern
Simulation of water levels (near inlet) shows that the tidal amplitude is maximum at the inlet of the lagoon which
decreases gradually as we proceed inward from the inlet towards main body of the lagoon, while the tides predicted
at inlet well matched with observed data (Figure 3). At some remote locations in the main body of the lagoon minor
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deviations were noticed, which may be due to other non-tidal components and complex topography. As the main
channel is connected with the lagoon on its middle, the North and South regions present less exchange of water. The
South compartment showed even longer exchange times because, besides being located in one end of the lagoon, it
also presents the higher mean depths. The lunar principal constituent M2, observed to be dominant at Sipakuda inlet
and is semi-diurnal nature. Amplitude of tide decreases significantly to the order of 10-15 cm where compound tide
constituents (MSF) are dominant in main body of the lagoon. Table 1 presents 12 Tidal constituents and their
amplitude and phase near Sipakuda inlet, Southern Sector (Near INS Chilika), Central Sector (Near Nalabana) and
Northern Sector (Near 8th artificial island).  These tidal constituents and phase are immensely helpful to predict the
tide for any period of time for different regions of the lagoon.
Figure 3. Validation of water levels a) near inlet b) high resolution at inlet and c) central sector and d) southern sector.
Circulation in the lagoon is governed by many forcing like bathymetry, wind stress, tides and freshwater influx
from the rivers. Due to the large open surface, wind is a very important forcing factor in driving circulation. Seasonal
changes in the wind magnitude and direction cause large-scale changes in the circulation pattern of the lagoon
(Panda, 2008). The role of wind in generating turbulence is more important in the lagoon zones distant from the sea,
where tide-induced flows have no relevance (Cioffi et al., 1995). Apart from the surface wind stress, bottom
topography/bathymetry is another important factor controlling the circulatory pattern. Though tidal influx changes
in the circulation but its effect is limited to the inlet and part of central sector. During monsoon and post monsoon
season the freshwater influx plays a major role in the circulation pattern which is almost unidirectional (from lagoon
to sea).  Apart from such seasonal changes, land and sea breeze, also affects the circulation pattern.
Table 1. Tidal constituents, amplitude and phase at Sipakuda inlet , southern Sector, central Sector and Northern Sector.
Sipakuda Inlet Southern sector Central sector Northern Sector
Const. Amp Phase Const. Amp Phase Amp Phase Amp Phase
1 M2 0.2893 254.46 MSF 0.021 338.42 0.0178 337.68 0.0186 242.81
2 SSA 0.1462 90.2 2Q1 0.002 9.3 0.0022 4.84 0.008 299.41
3 S2 0.1389 293.24 Q1 0.0015 78.57 0.0022 91.2 0.0023 26.13
4 MM 0.0564 33.77 O1 0.0009 115.73 0.001 82.76 0.006 19.77
5 N2 0.0519 246.36 NO1 0.0001 73.36 0.0008 235.96 0.0066 147.79
6 K1 0.0473 348.48 K1 0.0052 153.11 0.0096 183.12 0.0061 124.7
7 MSF 0.0438 61.75 J1 0.0019 19.42 0.0023 45.03 0.0015 38.63
8 MSM 0.035 72.92 OO1 0.0013 324.97 0.0017 323.91 0.0025 333.61
9 K2 0.0338 291.82 UPS1 0.001 116.48 0.0011 111.22 0.0023 251.29
10 P1 0.0264 293.78 N2 0.0007 303.33 0.0032 341.49 0.0024 297.76
11 O1 0.0261 322.77 M2 0.0018 60.8 0.0088 10.14 0.0033 312.93
12 M4 0.0239 101.78 S2 0.0144 287.22 0.0133 312.27 0.0068 303.2
Figure 4 shows the water current rose diagrams for different sectors of the lagoon. Current at inlet and central
sector are mostly east-west direction subsides with the orientation of the inlet and Muggarmukha regions while it is
in the NW-SW direction in open areas of northern and southern sectors. The simulate results agrees with
observations. The maximum flood condition water current (Figure 5a) found between Muggarmukh to Satapada
channel areas (0.18-0.28m/s) gradually it decreases towards main body of the lagoon. However the northern sector
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experiences the lowest water current (0-0.025 m/s). During ebb period, from Muggarmukh to Satapada upto inlet
experiences highest water current (0.125-0.25 m/s) (Figure 5b). The water recedes with a speed of 0.25 to 0.1 m/s
from southern sector towards channel areas through the central sector. The rest of the lagoon including whole of the
northern sector experiences very low water current of the order 0.01 to 0.025 m/s. An eddy has been formed in the
southern end (Ramba Bay) of lagoon which is due to the topographic and bathymetric features of that area. Numerical
experiments performed with uniform depth failed to show this eddy formation (Jayaraman et al., 2007) . Hence it
can be concluded that the eddies are formed due to the depth gradient in these regions implying that bottom
topography plays an important role in determining the circulation within the main body of the lagoon.
Figure 4. Rose diagram for simulated water currents at a) inlet region b) central c) northern and d) southern sectors.
Figure 5. Snapshot of surface water current during a) flood tide and b) ebb tide.
4.2 Temperature and Salinity
For temperature and salinity simulations, in addition to hydrodynamic conditions, air temperature, relative
humidity, clearness coefficients, rain fall and solar radiation measurements were used. Number of simulation
scenarios were executed using different combinations of the four calibration factors in Dalton’s and in Angstrom’s
law (Zacharias and Gianni, 2008) executed and the model sensitivity to each of the constants was checked out. Latent
heat flux specified and wind coefficient in Dalton's law' with 0.5 and 0.9 respectively were optimised. 0.295 and
0.371  are the two sun constants in Ångstrøm's law'. The short wave penetration is dependent on the visibility and as
a light extinction coefficient equal to 1. The heat exchange is included with air temperature, relative humidity and
clearness coefficient. Salinity was determined as a conservative substance in the TS model. the evaporation for the
simulation period was calculated as per the Penman's equation (Zacharias and Gianni, 2008). The mass transfer
coefficients in this equation resulted from number of simulation scenarios that were executed, for different
evaporation rates. The dispersion coefficient (D) is the calibration factor in salinity simulation. Scenarios were
simulated with different values of D and optimized with value 1.1 m2/s. Furthermore, the initial conditions were
defined with a surface distribution resulted from field measurements at thirty-six (36) stations for the simulation
period and boundary condition from the sensor measured data at inlet.
The spatial distribution of temperature and salinity prepared from the measured values during December, 2008
have been prepared and used as initial conditions.  A good agreement found between the simulated and observed
water temperature and salinity. Figure 6a and 7a presents the point validation at 36 stations over lagoon (r2=0.77 for
temperature and r2=0.68 for salinity), while figure 6b and 7b presents continuous time series validation at Inlet for
temperature and salinity respectively. Results suggest that the temporal variability of the system is mainly due to the
disparity of the seasonal changes in salinity.  The spatial variation in the salinity reveals the importance of tributary
discharges and drainages from the catchment basin. Due to an array of physical processes taking place together, this
lagoon environment becomes more dynamic and there exists a greater degree of salinity variations. Lower salinity
values in the northern sector could be related to severe dilution as a consequence of addition of massive freshwater
into this sector by rivers and rivulets. But, higher salinity values in summer could be attributed to the restricted entry
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of freshwater, higher evaporation rate and higher resident time of saline water in the shallow lagoon. The high and
stable salinity situation of southern sector could be attributed to intrusion of seawater from Rushikulya estuary,
through Palur canal and its enclosed nature. Simulation results agree with the general pattern of salinity intrusion
through inlet, low salinity of northern sector, medium salinity of central and southern sector. The spatial distributions
are well matched.
Figure 6. Validation of Temperature (0C) a) at 36 stations over the lagoon b) single point validation near inlet during Dec' 2008 to Nov'2009
Figure 7. Validation of salinity a) at 36 stations over the lagoon b) single point validation near inlet during Dec' 2008 to Nov'2009
4.2 Water Quality
Water quality modelling was carried out for seven state variables viz. DO, BOD, Chlorophyll-a, Ammonia,
Nitrite, Nitrate and Phosphate.  In this paper, the validation of DO is discussed. The oxygen concentration is affected
by a large number of chemical and biological processes viz. photosynthesis, respiration, BOD degradation,
reareation, nitrification, denitrification and sediment oxygen demand and many other processes. The main processes
that influence the dissolved oxygen, DO, are described by the following first-order differential equation:
         
where, k2 represents the re-aeration process that is described as
occurring at the air–water interface and follows the first-order
kinetic law, Cs is the saturation concentration for the DO. The re-
aeration kinetic constant k2 is influenced by the water
temperature, the river flow characteristics (flow velocity, water
depth, and slope of river) and the meteorological conditions (air
temperature and wind). The more important factors influencing
these parameters are the wind speed and the flow velocity. FBOD
is the biochemical degradation of organic matter consumes
dissolved oxygen which includes dissolved, suspended and
sedimented organic matter. FNI is the mineralisation process which consumes dissolved oxygen in order to
produce ammonia from organic matter. FRE and FPHO are respiration and photosynthesis involves exchanges of
dissolved oxygen with the water column respectively. FSED represents the consumption of oxygen by sediments
(DHI, 2007b). The major DO and BOD coefficients used for calibration are 1st order BOD decay rate at 20 0C (0.47),
Half-saturation oxygen concentration (2.1 mg/l), Maximum oxygen production at noon (10 mg/l per day/m2),
Respiration rate of plants (0.1), Temperature coefficient for decay rates, Temperature coefficient (1.07) and half
saturation concentration (1 mg/l) for Sediment Oxygen Demand (ICMAM-PD, 2012).
Validation of DO at 36 stations over the lagoon during Dec'08 to Nov'09 shows the simulated ranges is within
the observed values with correlation coefficient r2=0.52 (Figure 8). The uncertainty in DO simulation accounted to
the fact that the simulated values are vertically integrated while the observed values are in-situ and surface
observations. The range of dissolved oxygen in different sectors shows that the lagoon is well saturated. High oxygen
values are associated with areas of high freshwater influx (northern sector) and also thick submerged vegetation. The
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Figure 8. Validation of DO (mg/l) at 36 station in each
month over the lagoon from Dec' 2008 to Nov'2009
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northern and central part of the Chilika lagoon is densely covered with macrophytes, which have a cyclic growth.
They grow luxuriantly in the late monsoon and post-monsoon period and start decomposing in the beginning of pre-
monsoon, with an increase in salinity that influences the oxygen saturation in the lagoon. Hence, levels of DO
increased during monsoon period due to high fresh water inflow from Mahanadi tributaries and it decreases when
macrophytes start decomposing in the pre-monsoon.
Conclusions
Although the lagoons have direct connection to the sea, they still display fairly different characteristics than those
of the sea as far as the hydrodynamic structure, ecological features and water quality are concerned and because of
their sensitive natural balance, they affected greatly affected with changes in the hydrodynamic and morphological
conditions. The physical processes in Chilika lagoon are complicated due to the variation in flow regime, salinity
variation, river discharges and growth of vegetations. Therefore, it is important to understand and analyze the
individual contributory factors and their interaction. A coupled hydrodynamic and water quality model used to
investigate and validated the hydrodynamics and water quality of the lagoon. It is concluded that he entrance or inlet
is a critical element affecting the exchange of water between the sea and lagoon and the position of an entrance
controls tidal amplitudes, current patterns and therefore determines the pathways of transport. The model setup can
be an excellent tool to provide information in decision making for protecting the lagoon and its natural balance. The
model can act as an excellent tool to simulate water quality and prediction of futuristic scenarios. Further, uneven
orography around the lagoon which influences the wind pattern, the dredging activities and shifting of inlets in recent
years, change in vegetations covers, recent bathymetry and anthropogenic activities can be studied for more realistic
results.
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